The physiological adjustments of man to high environmental temperatures have been studied extensively in the adult. However, the influence of environmental temperature on the water and electrolyte balance of infants has not been adequately determined. This paper reports the changes in the distribution of body water and electrolyte which occurred in infants exposed to heat stress. Accurate balances were assured by the determination of skin losses.
The most striking result of exposure to high environmental temperatures is the production of sweat. Adolph2 has summarized most of the work on this subject and has shown that the volume of sweat is proportional to the heat load. The concentration of sodium and chloride in the sweat of unacclimatized adults has been determined by many workers." '-9-U 5,36, "4,7,49 The reported concentrations vary from 10 to 140 mM per liter. The higher values may be erroneous because of evaporation occurring during the collection of sweat. Johnson, Pitts, and Consolazio' have summarized the factors which may modify the electrolyte composition of sweat. Desoxycorticosterone acetate lowers the chloride concentration of the sweat in adults. '6 Similarly, adrenal cortical extract decreases the concentration of sodium and chloride and raises the concentration of potassium."' Although it is known that the sweat of infants contains electrolyte,' the exact concentiations have not been measured.
Under conditions in which there was probably little sweating, Romminger and Meyer42 and Swanson and Iob4 found an appreciable loss of electrolyte from the skin. The latter workers found significant amounts of potassium in the skin washings of infants under one year of age kept at room temperature of 780F. while dressed in light clothing. Approximately 1.7 mM of potassium per day or 35 per cent of the apparent retentions, excluding sweat, were recovered from the skin of a three-month-old infant. Freyberg and Grant22 found that approximately 14 per cent of the total sodium loss in adults occurred through the skin at environmental temperatures leading to minimal sweating. The use of clothing in these observations makes the complete absence of sweating uncertain.
In addition to the initiation of sweating, exposure to high environmental temperatures leads to changes in the distribution of body water. Barbour and others'2 found hemodilution in animals exposed to heat. They postulated that the dilution of the blood was dependent on a movement of fluid from intracellular to extracellular spaces. Overman and Feldman' demonstrated a significant increase in the thiocyanate space of monkeys from 18.6 per cent of the body weight in winter to 24.7 per cent in summer. Plasma volume did not change significantly. Bazett et al., 8 using the dye method, found an increase in the circulating plasma volume after exposure for four to five days to 910F. Although the incidence and severity of edema has been said to be greater during hot weather than cold, Conley and Nickerson' noted no significant increase in the volume of the extracellular fluid compartment of three normal adults at 80°F. as compared with 600F. The wearing of clothes in this experiment may have modified the results since the effective environmental temperature is difficult to evaluate when clothing is used. Furthermore, it is unfortunate that 800 was chosen as the high temperature, since there is little heat stress at this temperature except during increased activity. However, Spealman et al." were able to show some retention of water in the heat as manifested by weight gain. Despite much research on acute exposure to heat, there are limited data on the change in body water and electrolyte composition during chronic exposure to high environmental temperatures, especially in infants.
In the present study, eight complete balances were performed on three normal male babies exposed to environmental temperatures of 810 and 
Plan of study
At the beginning of each period of observation the subject was washed three times with distilled water, weighed to within one gram, and restrained without clothing on a metabolism mattress. The mattress was covered with Duran plastic and nylon sheets which previously had been freed of electrolyte. All urine voided was collected without catheterization by tubing and was weighed and analyzed daily. Toluene was used as a preservative. Stools were collected and weighed as soon as passed and subsequently analyzed.
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A carmine red marker was used to identify the stools for each period. Food mixtures were weighed before and after feeding and aliquots were taken daily for analysis. Regurgitation and stool wipings were collected with weighed cotton and were accurately measured. The values for regurgitation and stool wipings were subtracted from the intake and added to the output respectively; however, they were almost always negligible. Body weight Experiment B the intake of water was moderate, and in Experiment C a diet similar to B was supplemented with one gram of sodium chloride per day. Results At 810F., there was a fairly constant loss of electrolyte from the skin ( Table 2 ). The evaporation of water from the lungs and skin under these conditions varied somewhat from day to day but was roughly proportional to the degree of activity and to the size of the infants. As could be expected, on raising the environmental temperature to 910
there was an immediate increase in the evaporative water losses and a three to fivefold increase in the excretion of electrolyte by way of the skin with the onset of active sweating. The calculated sweat volume was roughly 45 to 65 cc. per kilogram of body weight per day. The concentration of sodium in the sweat ranged from 1.8 to 7.6 mM per liter, and the average of ten experimental periods was 4.8 mM per liter ( Table 2 ). The potassium concentrations in the sweat varied from 3.4 to 10.0 mM per liter and averaged 5.8 mM per liter. The concentration of chloride was somewhat higher than that of sodium and ranged from 2.5 to 11.3 mM per liter, and the average was 6.1 mM per liter.
Determination of the concentration of chloride in sweat collected directly from a covered area on the abdomen of these infants revealed values of the same order of magnitude as those calculated from the balance data and are quite consistently low, averaging 9.4 mM per liter of sweat (Table 3 ). The direct analysis of sweat may be high in some cases because of the possibility of evaporation during collection-the only likely error of the sampling. The values calculated from the balance data are also likely to be high because the calculated sweat volume is probably minimal. The administration of desoxycorticosterone acetate produced little change in the concentration of sodium, potassium, or chloride in the sweat. Moreover, the administration of supplemental sodium chloride produced no significant changes in these electrolyte concentrations in the sweat, even though the serum chloride concentrations were increased.
At 810F. before exposure to heat, there was little change in the water and electrolyte content of the body. In two such control periods there were essentially negligible retentions of sodium and chloride and potassium when corrected for the balance of nitrogen* (Tables 4 and 5) .
When the environmental temperature was raised to 910F. with a relative humidity of 30 to 40 per cent, chloride was usually retained in the body. The retention of chloride was 4.6 mM per day on a milk mixture containing one-half skimmed milk, 10 per cent sugar, and providing 80 Calories per 100 cc., with supplemental ad libitum distilled water (Table 4 ). The retention of sodium at the same time was somewhat less than the chloride retention and amounted to 3.6 mM per day. There was little change in the potassium content of the body, but there was a greater retention of calcium and phosphorus throughout this experiment than is usually found during growth.' These retentions cannot be explained unless they represent a temporary retention incident to a change in diet.
On an evaporated milk and sugar mixture containing 78 Calories per 100 cc., without ad libitum water, the babies retained larger amounts of chloride and sodium on exposure to a temperature of 91°F. (Table 5 ). The retention of chloride was about 8.6 mM per day, and the retention of sodium was about half as much. Since there was a slight loss of body weight during this time, there must have been a rise in the serum chloride concentration. However, serum analyses were not obtained. The administration of 3 mg. of desoxycorticosterone acetate intramuscularly each day on this feeding regime caused a slight increase in the retention of chloride over the previous hot period and a larger increase in the retention of sodium at the high environmental temperature. The retention of sodium and chloride seemed to result from a diminished renal excretion of these ions. (Tables 7 and 9 ). One-half of this gain consisted of water which had moved from the intracellular compartment. This increase in the extracellular space was inadequate to prevent a rise in the serum electrolyte concentration. The serum chloride concentration rose to as high as 111.2 mM per liter with a fall in serum bicarbonate to as low as 17.6 mM per liter. There was a shift of 34 mM of sodium from the intracellular to the extracellular compartments, accompanying a movement of water from the cells. The urine chloride concentration was about 145 mM per liter, and the sum of the sodium and potassium concentrations in the urine was 285 mM per liter.
When a liberal water intake was assured by feeding a mixture containing only 35 Calories per 100 cc., there was no excessive retention of electrolyte at 91°F. In these experiments the water intake was about 160 cc. per kilogram per day, and the caloric intake was approximately 55 Calories per kilogram of body weight per day. The retention of chloride was less than 1.0 mM for four days in one baby, and the other baby had a negative balance of 7.4 mM of chloride (Tables 10 and 12 ). There was a negligible loss of sodium and a larger loss of potassium amounting to 7.0 mM when corrected for the nitrogen balance.
As could be predicted from the balance data, in this study there was little change in the serum electrolyte concentrations (Tables 11 and 13 ). The bicarbonate fell to 19.5 mM per liter, but the chloride did not rise at any time. There was a loss of water from the intracellular phase of 0.35 kilograms which accounted for most of the fall in body weight. This loss was about 10 per cent of the existing intracellular fluid volume. The extracellular volume was sustained with little change.
On lowering the environmental temperature there was a return toward a normal distribution of water and electrolyte in all the infants studied. In those experiments in which there had been a retention of chloride and sodium in the heat, there was a negative balance of these ions in the In the experiment in which a dilute feeding mixture was used, one infant in the cool period replaced the deficit of intracellular water acquired at 91°F. (Table 11 ). The other infant replaced the debt of total body water but did not replenish the intracellular deficit (Table 13 ).
In the babies developing high serum chloride concentrations at 910 F., (Experiment C) the urine output was only 209 grams during the first 24 hours after reducing the environmental temperature despite a marked decrease in the extrarenal loss of water and an expanded extracellular volume (Fig. 1) . The chloride concentration of this urine was 165 mM per liter. In contrast, in all of the other experiments (A, B, and D) in which the retention of sodium and chloride was considerably less, there was Since a change in the assumed caloric production alters the calculated water balance by the change in solids burned,'0 the assumption of a high caloric production at 910 F. increases the calculated water balance. This higher water balance fits the observed weight change at 910 F. better than values obtained by the measured insensible weight loss at 810 F. Unfortunately, facilities were not available for direct calorimetry, and indirect calorimetry is not practicable with infants of this age. However, the assumption of an increased metabolic rate in the heat is probably correct since rectal temperatures as high as 1040 F. were noted in the study in which large sodium and chloride retentions were found. In the study in which a dilute feeding mixture was used to insure suitable water intake, there was no rise in rectal temperature above 100.50 F. However, the assumption of a slightly elevated caloric expenditure at 910 F. in this study seems justified, because an increase in skin temperature with a diminished temperature gradient between the skin and rectum would result in a mass of tissue functioning at a slightly elevated mean temperature.
Discussion
The use of skin washings in the determination of electrolyte balance increases the accuracy in the estimation of shifts of water and electrolyte. The data presented demonstrate that appreciable amounts of sodium, potassium, and chloride are lost through the skin at environmental temperatures of 810 F. in the absence of clothing. The values obtained in these studies are of the same order of magnitude as those reported by Swanson and Iob.' They represent a significant part of the electrolyte balance. In order to keep these losses constant and minimal, metabolic experiments should be carried out at 800 F. without clothing. At this temperature the subject is comfortable while at rest and the use of clothing or blankets may lead to sweating. When sweating occurs, the losses of water and electrolyte are markedly increased and must be measured by the collection of skin washings.
The concentrations of sodium and chloride in the sweat of normal babies were found to be one-fifth to one-tenth of the accepted values for unacclimatized adults. The concentration of sodium as determined from an average of ten experimental periods was 4.8 mM per liter of sweat. The concentration of potassium as determined from an average of these same periods was 5.8 mM per liter and is in the range of adult values. The ratio of 242 sodium to potassium in the sweat of these infants was usually less than 1.0 in contrast to ratios in the sweat of adults of 4.0 or 10.0 to 1.0.'7 The chloride concentration was determined by two different methods. The average concentration of chloride in the sweat collected directly from the skin, with precautions against evaporation, in eight, hourly periods was 9.4 mM per liter. This directly determined concentration agrees fairly well with the calculated concentration.
The potassium found in the skin washings during the warm period is probably present in actively secreted sweat rather than as a result of desquamation. The reason for this conclusion is that the skin washings in the recovery period at 810 F. contained much more desquamated epithelium and considerably less potassium.
The administration of desoxycorticosterone acetate did not lower the sodium or chloride concentration in the sweat nor did it raise the potassium concentration. These results could be predicted from the fact that the sweat concentrations of chloride and sodium already were extremely low. Presumably a maximal effect of adrenal hormones had already been obtained in these subjects.' The administration of supplementary sodium chloride in Experiment C did not appreciably increase the concentration of either ion in the sweat despite an increase in the serum chloride concentration.
The concentrations of electrolyte in the sweat which were determined in these experiments may not be the same as those of sick infants. In a previous study,18 it was assumed that the sweat concentration of sodium and chloride was 40 to 60 mM per liter in infants sick with diarrhea and dehydration. These values were assumed because they fitted the other balance data and agreed with the concentrations obtained in adults by other observers. Balance studies on sick babies which include skin washings are needed to determine the actual sweat concentrations under these circumstances. Conn"'4' l' found high concentrations of sodium in sweat in adrenal insufficiency and low concentrations in conditions associated with increased production of adrenocortical hormone or following injection of adrenocorticotrophic hormone. These findings suggest that in the presence of possible insufficient adrenal cortical function resulting from disease, the sweat glands may be unable to elaborate as hypotonic a secretion of sodium chloride as that from normal infants.
Since the insensible water loss per kilogram of body weight under nonsweating conditions is proportional to caloric expenditure' it was quite constant for each experimental period and tended to fall with increasing age and weight. The rough calculation of the total metabolism from the insensi-243 ble water loss measured in a twenty-four-hour period is a possibly useful clinical method if a balance is available which can weigh to 1.0 gram.' The calculation is only valid when there is no sweating or hyperpnea.
The total evaporative water loss at 910 F. ranged from 80 to 110 grams per kilogram of body weight per day, or in terms of caloric expenditure, 95 to 140 grams per 100 Calories metabolized. The evaporation of water was obviously inadequate in the study in which supplemental sodium chloride was administered (Experiment C) because rectal temperature as high as 1040 F. was noted, which rapidly fell on lowering the environmental temperature.
The evaporative water loss of each baby in the study in which a dilute feeding mixture was used (Experiment D) was higher than in Experiment C when calculated according to body weight or to caloric production. Using 0.58 Calories as the heat of vaporization of water it can be calculated that heat amounting to 58 Calories was lost by one baby on the dilute feeding mixture in excess of his evaporative water loss in Experiment C. Similarly, the evaporative loss of heat in the other baby in Experiment D in excess of his loss in C amounted to 240 Calories. This greater heat loss by the evaporation of water from the skin and lungs probably accounted for the preservation of normal body temperature in the experiments in which a large intake of water was assured (Experiment D). If the calculated sweat volumes are reasonably correct, the production of sweat per day in one baby increased from 396 grams in Experiment C to 529 grams in Experiment D. In the other baby studied, sweat production increased from 381 grams in Experiment C to 624 grams in Experiment D.
It is not clear why the evaporative water loss in Experiment C was inadequate to maintain a normal body temperature. Barbour7 postulated that hemodilution had to occur before sweating was initiated. In Experiment C the electrolyte concentration in the serum was elevated in the warm period, and this fact might explain the low sweat volume. These findings are consistent with those of Barbour and Gilman"' on experimental animals and with those of Ginandes and Topper' on children. These workers consistently found depression in the insensible perspiration with the administration of sodium chloride and elevation of the serum osmotic pressure. The greater caloric intake in Experiment C also may have contributed to the rise in body temperature because of the greater heat load resulting from the specific dynamic action of the food ingested.
The four experimental periods in which serum concentrations were determined revealed two paradoxical types of response. First, when the water intake was somewhat low, at 91°F. there was retention of sodium and chloride, increase in the concentration of electrolyte in the serum and expansion of the extracellular volume with resulting weight gain. The retention of chloride and sodium was apparently dependent on reduction of urinary excretion of these ions despite an increase in urinary concentration. It is not clear why the kidneys failed to excrete as much sodium and chloride as was necessary to preserve normal extracellular concentration, despite a normal or increased volume of extracellular water. The excretion of more water and electrolyte was not limited by the total osmolar concentration of the urine since an ultrafiltrate of serum would have reduced the urinary concentration. The experiments of Rehburg'1 may be pertinent to these findings and more recent work by Pitts and his co-workers,' and Smith et al.,4 suggest that if a reduction in glomerular filtration had taken place in the heat, an excessive amount of sodium chloride would be reabsorbed by the kidney tubules if the tubular reabsorption of sodium chloride continued at the same rate. If the glomerular filtration had remained constant, the retention of sodium and chloride could be explained by an increased tubular reabsorption of these ions under the influence of the adrenal cortex. However, the determination of urinary 17-ketosteroids by Dr. Francis 0. Humm of the Department of Pharmacology, Yale University School of Medicine, revealed no significant changes during the warm period. Sweat corticosteroids were not determined. '4 The second type of response to heat was even more unexpected. When the water intake was high, the sodium and chloride content of the body remained about constant, and there was no change in serum concentrations. However, there was some loss of body water from the intracellular compartment while extracellular volume was preserved. Under these circumstances the urinary concentrations remained low and urinary excretion of sodium and chloride was adequate. Possibly a diminished rate of reabsorption of sodium and chloride was associated with the increased minute volume. The work of McCance and associates' '41'2 indicates that the urinary excretion of urea and electrolytes is greater when the daily urinary volume is high.
The data obtained from these experiments suggest certain practical considerations of value in the care of infants in summer. The use of dilute feeding mixtures or the administration of water ad libitum seems indicated in the heat. Clinically, the infants did not tolerate the heat well in the study in which water intake was moderate (Experiment C). Despite a gain of 2.5 per cent in body weight the infants had signs usually attributed to dehydration. They were irritable, feverish, thirsty, and had dry mucous membranes.
When the infants were given large amounts of water (Experiment D) they had few symptoms of dehydration despite a loss of 4 to 5 per cent of the body weight in the warm period. They appeared happy and had no significant elevation of rectal temperature.
The data indicate that the use of supplementary sodium and chloride for normal infants in hot weather is not necessary. The concentration of sodium and chloride in the sweat of infants is much lower than in the sweat of adults. Therefore, the loss of sodium chloride in hot weather is small in infants, in relation to the loss of water by evaporation, and can be replaced by the usual milk mixtures without added sodium chloride. The excessive intake of sodium chloride in the presence of reduced urine flow can lead to hyperosmolarity of the extracellular fluid, thereby, possibly interfering with the evaporative loss of water from the body.
Summnary and concltsions
The balance of water and electrolyte was obtained in four infants at 810 and 910 F. Skin washings were determined in all the studies. In four studies serum concentrations at the beginning and end of the balance periods were also obtained. The average sweat concentrations of sodium and chloride of normal infants were found to be low, 4.8 mM and 6.1 mM per liter respectively. The potassium concentration was 5.8 mM per liter.
Under conditions which lead to minimal or no sweating, appreciable amounts of sodium, chloride, and potassium are lost from the skin, 1.0 mM, 1.4 mM, and 1.1 mM per day respectively; and skin washings are necessary for accurate balances of electrolyte.
When the food does not contain abundant water, high temperature leads to an increase in body water, sodium, and chloride. Extracellular volume and concentrations are increased and slight acidosis develops. This change in body composition depends on failure of the kidneys to excrete sodium and chloride and water.
However, when abundant water is available, high environmental temperature does not lead to a retention of water, sodium, or chloride and tolerance to heat seems to be increased.
The changes in body water and electrolyte accompanying changes in environmental temperature are so great that environmental temperature should be rigidly controlled in all metabolic studies.
